Epigenetic silencing of tumor suppressor genes in human cancers is associated with aberrant methylation of promoter region CpG islands and local alterations in histone modifications. However, the mechanisms that drive these events remain unclear. Here, we establish an important role for histone H4 lysine 16 acetylation (H4K16Ac) and the histone acetyltransferase hMOF in the regulation of TMS1/ASC, a proapoptotic gene that undergoes epigenetic silencing in human cancers. In the unmethylated and active state, the TMS1 CpG island is spanned by positioned nucleosomes and marked by histone H3K4 methylation. H4K16Ac was uniquely localized to two sharp peaks that flanked the unmethylated CpG island and corresponded to strongly positioned nucleosomes. Aberrant methylation and silencing of TMS1 was accompanied by loss of the H4K16Ac peaks, loss of nucleosome positioning, hypomethylation of H3K4, and hypermethylation of H3K9. In addition, a single peak of histone H4 lysine 20 trimethylation was observed near the transcription start site. Down-regulation of hMOF or another component of the MSL complex resulted in a gene-specific decrease in H4K16Ac, loss of nucleosome positioning, and silencing of TMS1. Gene silencing induced by H4K16 deacetylation occurred independently of changes in histone methylation and DNA methylation and was reversed on hMOF reexpression. These results indicate that the selective marking of nucleosomes flanking the CpG island by hMOF is required to maintain TMS1 gene activity and suggest that the loss of H4K16Ac, mobilization of nucleosomes, and transcriptional down-regulation may be important events in the epigenetic silencing of certain tumor suppressor genes in cancer. [Cancer Res 2008;68(16):6810-21] 
Introduction
Epigenetic mechanisms involve DNA methylation at cytosine residues and posttranslational modifications of histone tails, both of which regulate gene transcription by altering chromatin structure and DNA-protein interactions (1, 2) . In the human genome, most cytosines in CpG dinucleotides are methylated, except those in CpG islands, regions of the genome that contain a high density of CpG sites and encompass the promoter regions of more than half of the known genes (3) . Methylation of promoterassociated CpG islands, whether developmentally programmed or occurring aberrantly during carcinogenesis, is associated with gene inactivation (4) . Histone modifications can also act synergistically or antagonistically to define the transcription state of genes. Acetylation of histones H3 and H4 is associated with transcriptionally active promoters and an open chromatin configuration (5) . Both dimethylation and trimethylation of histone H3 lysine 4 (H3K4me2 and H3K4me3) have been linked to actively transcribing genes, although recent studies indicate that CpG island-associated promoters are marked by H3K4me2 regardless of the transcriptional status (6, 7) . In contrast, methylation of histone H3 lysine 9 and 27 are associated with transcriptionally inactive promoters and condensed closed chromatin (8, 9) . Interplay between histone modifications and DNA methylation defines the transcriptional potential of a particular chromatin domain.
The epigenetic landscape is drastically altered in human cancers. In cancer cells, global hypomethylation occurs at normally methylated CpG sites whereas hypermethylation occurs at select CpG islands (10) . Aberrant CpG island methylation is accompanied by changes in the local histone modification patterns, including the hypoacetylation of histones H3 and H4, hypomethylation of histone H3 lysine 4, and hypermethylation of histone H3 lysine 9 and/or H3 lysine 27, resulting in gene silencing (10) . Such epigenetic events contribute to carcinogenesis through the aberrant silencing of tumor suppressor genes. Recently, genomewide studies showed that cancer cells undergo widespread alterations in histone modifications, including a global loss of acetylation at H4 lysine 16 (H4K16Ac) and trimethylation at H4 lysine 20 (H4K20me3; ref. 11) . Although the molecular alterations that occur in cancer cells are well studied, the precise order and mechanisms by which they precipitate gene silencing are still largely unknown.
Nucleosome positioning, or the preferential association of nucleosomes with specific genomic locations, is another feature with the potential to affect epigenetic regulation. Functionally, nucleosome positioning has been shown to maintain or prohibit gene activity depending on the context (12, 13) . The translational positioning of nucleosomes has been attributed to interactions between histone proteins and specific DNA sequences, the binding of nonhistone proteins, and neighboring positioned nucleosomes (13) (14) (15) . DNA methylation does not alter the ability of histone proteins to bind DNA in vitro but can alter nucleosome positioning in vivo through indirect mechanisms (15, 16) . The relationship between histone modifications and positioning of nucleosomes is not well understood.
TMS1 (target of methylation-mediated silencing), also known as ASC, is a proapoptotic signaling factor that is subjected to epigenetic silencing in human cancers (17) (18) (19) (20) (21) . Originally identified in a screen for genes that were silenced in response to DNA cytosine-5-methyltransferase 1 (DNMT1) overexpression (17) , subsequent studies have shown that TMS1 is silenced in conjunction with CpG island hypermethylation in a number of human tumors, including glioblastomas, breast cancer, colorectal cancer, and gastric cancer (22) (23) (24) (25) . Loss of TMS1 function confers resistance to tumor necrosis factor-a-induced apoptosis in breast cancer cells, and its restoration suppresses cell growth (21) . Treatment of cancer cells with the demethylating agent 5-aza-2 ¶-deoxycytidine restores TMS1 expression, suggesting an important role for DNA methylation in TMS1 gene silencing (26) .
The TMS1 CpG island is unmethylated in normal cells and breast cancer cells that express TMS1 (26, 27) . In the active state, the TMS1 CpG island represents a distinct chromatin domain characterized Figure 1 . A, schematic of the TMS1 genomic locus. The TMS1 gene consists of three exons (I, II, and III). Black boxes, noncoding regions. The nucleotide positions are numbered with respect to the transcription start site (T ) and are shown above the gene. The location of the CpG island is marked and spans from fÀ100 to +900 bp. The positions of the hypersensitive sites (HS1-HS4 ) and an upstream repeat element (L1/Alu) are shown. Primer sets used (1-9 ) for real-time PCR in chromatin immunoprecipitation assays are shown below the gene. B, expression of TMS1. Protein lysates prepared from MCF7, MDA-MB231, HMT.1E1, and IMR90 cells were subjected to Western blot analysis with antibody against TMS1. C, distribution of histone H3 modifications across the TMS1 locus. MCF7 and MDA-MB231 cell lines were subjected to chromatin immunoprecipitation with antibodies against the indicated histone modifications or a rabbit IgG (IgG ) control. Immunoprecipitated DNA was amplified by real-time PCR with primer sets indicated in A . Percent input was determined as the amount of immunoprecipiated DNA relative to input DNA. Each chromatin immunoprecipitation was repeated at least thrice, and although the immunoprecipitation efficiency varied between experiments, the profile of enrichment across the locus was consistent. Columns, mean of triplicate determinations from a representative experiment; bars, SD.
by acetylated histones and three DNase I-hypersensitive sites (HS) that span the CpG island. Two of these, HS1 and HS3, demarcate the 5 ¶ and 3 ¶ boundaries between the unmethylated CpG island DNA and densely methylated flanking DNA (27) . Epigenetic silencing of TMS1 in breast cancer is accompanied by a localized remodeling of the CpG island-associated HS sites, hypoacetylation of histones, and hypermethylation of DNA (27) . These data have led us to propose that the HS sites act in cis, perhaps by recruiting transacting factors, to block or actively oppose the spread of methylation into the CpG island.
To further understand the role of chromatin structure in the epigenetic silencing of tumor suppressor genes in cancer, we have used the TMS1 locus as a model to examine the relationship between histone modifications, nucleosome positioning, and DNA methylation. We found that the TMS1 locus is characterized by distinct histone modification profiles in the active and inactive states. Interestingly, H4K16Ac and H4K20me3 exhibited unique localization across the active and inactive TMS1 loci, respectively. We further pursued the significance of H4K16Ac at TMS1 and determined that abrogation of H4K16 acetylation led to TMS1 silencing, which was accompanied by changes in the local nucleosome architecture. Our findings indicate that H4K16Ac plays a critical role in the maintenance of active gene transcription and suggest that loss of H4K16Ac and transcriptional downregulation may be important steps in the epigenetic silencing of some tumor suppressor genes in cancer.
Materials and Methods
Cell culture. IMR90 normal diploid fibroblasts and their SV40-transformed derivatives (IMR90/SV40) were obtained from the National Institute of Aging. The generation of IMR90/SV40 cells stably overexpressing DNMT1 (HMT.1E1) has been described (28) . MCF7 and MDA-MB231 breast cancer cell lines and 293T embryonic kidney cells were obtained from the American Type Culture Collection and maintained in DMEM containing 2 mmol/L glutamine and 10% fetal bovine serum.
Chromatin immunoprecipitation. Chromatin immunoprecipitation was carried out as described in the Acetyl-Histone H3 Immunoprecipitation Assay Kit by Millipore. DNA recovered from chromatin immunoprecipitation was analyzed by real-time PCR. The reaction mixture (25 AL) contained 1 AL of the appropriately diluted DNA sample, 0.2 Amol/L primers, and 12.5 AL of IQ SYBR Green Supermix (Bio-Rad). The reaction was subjected to a hot start for 3 min at 95jC and 50 cycles of 95jC, 10 s; 55jC to 65jC, 30 s; and 72jC, 30 s. Melt curve analysis was done to verify a single product species. Starting quantities were determined relative to a common standard curve generated using MCF7 genomic DNA. Percent enrichment in each pulldown was calculated relative to input DNA. Primer pairs used for realtime analysis spanned the TMS1, CDH1, or ESR1 locus. Sequences are available on request. Antibodies used were rabbit IgG (Santa Cruz), histone H3 acetylated at lysine 9 and 14 (H3K9/14Ac; Millipore), H4K16Ac (Abcam), H3K4me2 (Millipore), H3K4me3 (Abcam), dimethylated histone H3 lysine 9 (H3K9me2; Abcam), trimethylated histone H3 lysine 9 (H3K9me3; Abcam), trimethylated histone H3 lysine 27 (H3K27me3; Millipore), and H4K20me3 (Abcam). Antibodies against hMOF and hMSL1 were gifts from Edwin Smith (Emory University, Atlanta, GA).
Micrococcal nuclease digestion and indirect end labeling. Isolation of intact nuclei and indirect end labeling were done as described in ref. 27 with minor modifications. Nuclei from 2 Â 10 6 cells were digested with micrococcal nuclease (10- Reactions were stopped by incubation in 1% SDS, 20 mmol/L EDTA, and 10 Ag/mL RNase A for 30 min at 37jC, followed by incubation with 1 mg/mL proteinase K at 50jC overnight. DNA was recovered by phenol-chloroform extraction and ethanol precipitation. Micrococcal nuclease-digested DNA (10 Ag) was digested with 2 units each of HindIII and SpeI at 37jC overnight, separated on a 1.0% agarose gel, and transferred onto a nylon membrane. Membranes were hybridized with a random-prime labeled SpeI-XmnI probe anchored to the downstream SpeI site of TMS1. Approximately 100 pg of SpeI-HindIII (2,765 bp), SpeI-BamHI (1,001 bp), and SpeI-EcoRI (739 bp) fragments from the TMS1 locus were run on each gel as internal size markers. Membranes were washed to high stringency (2Â SSC, 0.1% SDS at 65jC), exposed to phosphor storage screens, and analyzed by phosphoimage analysis using ImageQuant software (Molecular Dynamics).
RNA interference silencing. For siRNA transfections, MCF7 cells were transfected with 100 nmol/L siRNA (Dharmacon) against lamin A/C, hMOF, or hMSL1 using Oligofectamine (Invitrogen). The sequences of hMOF and hMSL1 siRNAs are from Dou and colleagues (30) and Smith and colleagues (33) , respectively. For lentiviral shRNA infections, 293T cells were transfected with 920 ng of pCMV-dR8.91 (viral packaging plasmid), 100 ng of pMD2G-VSV-G (viral envelope plasmid), and 1 Ag of pLKO.1 or pLKO.1 containing hMOF shRNA (Open Biosystems; TRCN0000034875) using Lipofectamine (Invitrogen). Media containing lentiviral particles were collected at 40 and 64 h posttransfection. Recipient cells were plated in 6-cm plates (1 Â 10 6 cells) or 10-cm plates (2 Â 10 6 cells) and infected with 0.1 to 0.5 mL of supernatant in the presence of 8 Ag/mL polybrene. Infected cells were placed under puromycin selection (0.5-1.0 Ag/mL) and harvested at given time points for subsequent analysis.
Western blot analysis. Cells were lysed in radioimmunoprecipitation assay buffer [50 mmol/L Tris-Cl (pH 8.0), 150 mmol/L NaCl, 0.5 mmol/L EDTA, 1% NP40, 0.5% sodium-deoxycholate, 0.1% SDS] containing protease inhibitors for 10 min on ice. Clarified lysates (100 Ag) were electrophoresed on a 12% SDS-PAGE gel and transferred onto a nitrocellulose membrane. The membrane was incubated with the appropriate primary antibody and horseradish peroxidase-conjugated secondary antibody and subjected to chemiluminescence detection (Pierce). For detecting histones, cells were washed in PBS containing 5 mmol/L sodium butyrate and resuspended in acid extraction lysis buffer [10 mmol/L HEPES (pH 7.9), 1.5 mmol/L MgCl 2 , 10 mmol/L KCl, 0.5 mmol/L DTT, 1.5 mmol/L PMSF, 0.2 N HCl] for 30 min on ice. Lysates (100 Ag) were electrophoresed on a 10% SDS-PAGE gel and blotted as described above. Antibodies used were TMS1 (Protein Tech), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Abcam), hMOF, hMSL1, H3K9/14Ac, H4K16Ac, estrogen receptor a (Santa Cruz), and E-cadherin (BD Biosciences).
Reverse transcription. Total RNA was isolated from MCF7 cells using the RNeasy Mini kit (Qiagen). RNA (6 Ag) was pretreated with DNase I and then reverse transcribed using random hexamer primers and Moloney murine leukemia virus reverse transcriptase. cDNA was amplified with primers against TMS1, hMOF, or 18s rRNA using real-time PCR as described for the chromatin immunoprecipitation assays. Starting quantities were determined relative to a common standard curve generated using MCF7 cDNA. Primer sequences are available on request.
Methylation-specific PCR and bisulfite sequencing. Methylationspecific PCR and bisulfite sequencing were done as previously described (27) . Primer sets used for methylation-specific PCR overlap a total of six CpG sites in the TMS1 CpG island and have been described (17) . Primers used for bisulfite sequencing correspond to primer set B in ref. 27 .
Results
The active TMS1 locus is marked by H3K4me whereas the inactive TMS1 locus is marked by H3K9me. The TMS1 locus consists of three exons encompassing f1.5 kb on chromosome 16 ( Fig. 1A ; ref. 17) . A 1.0-kb CpG island spans the promoter region as well as exons I and II (Fig. 1A ). This region is unmethylated in cells expressing TMS1, such as IMR90 human diploid fibroblasts and MCF7 breast cancer cells, but is completely methylated in cells lacking TMS1 expression, such as DNMT1-overexpressing human fibroblasts (HMT.1E1) and MDA-MB231 breast cancer cells (Fig. 1B; refs. 17, 26, 27) . To determine the relationship between histone modifications and DNA methylation at the TMS1 locus, we examined the distribution of histone H3 marks across a region covering f1.5 kb upstream of the transcription start site to f600 bp downstream of the termination sequence in MCF7 and MDA-MB231 cells by chromatin immunoprecipitation (Fig. 1A and C) . We found that the active TMS1 locus in MCF7 cells was enriched in nucleosomes marked by H3K9/14Ac, H3K4me2, and H3K4me3, but lacked H3K9me2 and H3K9me3 (Fig. 1C) . In contrast, the silent TMS1 locus in MDA-MB231 cells was hypoacetylated at H3K9/14Ac and lacked H3K4me2 and H3K4me3, but was enriched in H3K9me2 and H3K9me3 (Fig. 1C) . We also examined H3K27me3 at the TMS1 locus and found that there was little enrichment of this mark in either MCF7 or MDA-MB231 cells when compared with a negative control (IgG) and a positive control locus (e.g., MYT1; Fig. 1C ; data not shown; ref. 29 ). An inverse relationship between H3K4me and H3K9me was also observed in IMR90 and HMT.1E1 cells (data not shown). These results indicate that distinct histone modification profiles correlate with TMS1 gene activity. Specifically, methylation-associated silencing of TMS1 correlates with a shift from H3K4me to H3K9me.
Discreet localization of H4K16Ac and H4K20me3 at the TMS1 locus. We next examined the relationship between DNA methylation and histone H4 modifications. H4K16Ac and H4K20me3 are associated with active and constitutive heterochromatic regions, respectively (30) (31) (32) . Recent studies have shown that cancer cells exhibit reduced levels of H4K16Ac and H4K20me3 overall relative to their normal counterparts (11) . It was suggested that this global loss derived primarily from repetitive DNA sequences. However, the relationship between these marks and the epigenetic dysregulation of individual genes in cancer cells has not been addressed. To determine whether histone H4 modifications play a role in the epigenetic regulation of TMS1, we examined the profile of H4K16Ac and H4K20me3 in MCF7 and MDA-MB231 cells. We found that the TMS1 locus was enriched in H4K16Ac in MCF7 cells whereas MDA-MB231 cells were hypoacetylated at H4K16Ac (Fig. 2A) . Interestingly, the distribution of H4K16Ac in MCF7 cells showed discreet peaks of enrichment that corresponded almost precisely to the 5 ¶ and 3 ¶ boundaries of the unmethylated TMS1 CpG island. These H4K16Ac peaks were completely absent in MDA-MB231 cells ( Fig. 2A) . Furthermore, whereas TMS1 lacked H4K20me3 in MCF7 cells, there was a prominent peak of H4K20me3 at the TMS1 promoter in MDA-MB231 cells (Fig. 2A) . To determine whether this pattern was selective for breast cancer cells, we also examined the distribution of H4K16Ac and H4K20me3 in IMR90 normal diploid fibroblasts and HMT.1E1 cells (Fig. 2B) . Again, two prominent peaks of H4K16Ac flanked the TMS1 CpG island when it is unmethylated and active (IMR90), but were absent when the locus is hypermethylated and silent (HMT.1E1). As well, a peak of H4K20me3 was observed in the TMS1 promoter region in HMT.1E1, but not in IMR90 cells. These data indicate that the epigenetic silencing of TMS1 is associated with the focal loss of H4K16Ac and the gain of H4K20me3.
Nucleosome positioning at the TMS1 gene. We also examined nucleosome positioning within and around the TMS1 CpG island in MCF7 and MDA-MB231 cells. Isolated nuclei were digested with increasing amounts of micrococcal nuclease followed by digestion of the DNA with HindIII and SpeI to generate a 2.76-kb genomic fragment encompassing the TMS1 CpG island (Fig. 2C) . Indirect end-labeling analysis with a probe anchored at the 3 ¶ SpeI site allowed mapping of positioned nucleosomes. Nucleosomes were positioned at f200-bp intervals spanning the CpG island in MCF7 cells (Fig. 2C) . At similar levels of micrococcal nuclease digestion, MDA-MB231 cells exhibited more of a smear, indicating that nucleosomes are more randomly positioned throughout the CpG island in these cells ( Fig. 2C; Supplementary Fig. S1 ). One exception to the positioning in MCF7 cells was the distance between micrococcal nuclease cut sites 3 and 4, which flank the transcription start site. This f400-bp spacing may correspond to a nucleosomefree region at the transcription start site of TMS1 in actively transcribed cells. Within the regular array of positioned nucleosomes, differences existed in the degree of positioning. Preferential digestion by micrococcal nuclease was observed at cut sites 3, 5, and 7, suggesting that nucleosomes associated with these sites are more strongly positioned ( Fig. 2C; Supplementary Fig. S1 ). Sites 3 and 7 correspond to the boundaries between the unmethylated CpG island and methylated surrounding DNA as well as the observed peaks of H4K16Ac (ref. 27 ; Fig. 2A ). The colocalization of H4K16Ac and strongly positioned nucleosomes suggests a possible link between the two.
Role of H4K16Ac at the TMS1 locus. The finding that there are peaks of H4K16Ac and positioned nucleosomes flanking the CpG island when the TMS1 locus is unmethylated and expressed and that the locus lacks these features when TMS1 is methylated and silent raises the question of whether H4K16Ac plays a role in the regulation of TMS1. The majority of H4K16Ac in humans is mediated by hMOF, a member of the MYST family of histone acetyltransferases (33, 34) . Down-regulation of hMOF by RNA interference has been shown to drastically decrease the global levels of H4K16Ac in human cells (33, 34) . Western blot analysis showed no difference in the levels of hMOF between cells that express TMS1 (MCF7 and IMR90) and those that do not express TMS1 (MDA-MB231 and HMT.1E1), indicating that the lack of H4K16Ac at TMS1 in MDA-MB231 and HMT.1E1 cells is not due to differential expression of hMOF (data not shown).
To understand the role of H4K16Ac at the TMS1 locus, we knocked down hMOF in MCF7 cells with two independent siRNA molecules (Fig. 3A) . Consistent with previous studies (30), we found that down-regulation of hMOF led to a global decrease in H4K16Ac but had no affect on H3K9/14Ac levels ( Supplementary  Fig. S2A ). There was also a drastic reduction in the specific association of H4K16Ac, but not H3K9/14Ac, at the TMS1 locus in MCF7 cells down-regulated for hMOF. There was a direct correlation between the efficiency of hMOF knockdown by the two siRNAs and loss of H4K16Ac (Fig. 3A and B) . Knockdown of hMOF in MCF7 cells also led to a loss of nucleosome positioning across the CpG island ( Fig. 3C; Supplementary Fig. S3 ). In contrast, there was no change in the levels or distribution of H3K4me2, H3K9me2, or H4K20me3 at the TMS1 locus on hMOF down-regulation ( Supplementary Fig. S4 ). Thus, hMOF downregulation results in a loss of H4K16Ac and impairs nucleosome positioning at the TMS1 locus, independent of changes in other histone modifications.
We also determined the effect of hMOF knockdown on TMS1 expression. hMOF down-regulation led to a concomitant decrease in TMS1 protein and mRNA levels (Fig. 3A) . Again, there was a direct correlation between the efficiency of hMOF knockdown by the two siRNAs and the magnitude of TMS1 repression (Fig. 3A) . In time course experiments, a good correlation was observed between the degree and timing of hMOF knockdown and TMS1 down-regulation, supporting a direct relationship between the two (Fig. 3D) . TMS1 silencing followed hMOF down-regulation and was reversed when hMOF expression returned to baseline. Down-regulation of hMOF with a lentivirus expressing a shRNA directed against hMOF also led to a decrease in TMS1 expression in both MCF7 and IMR90 cells ( Supplementary Fig. S2B and C) . As in MCF7 cells, the level of H4K16Ac across the TMS1 locus was drastically reduced in IMR90 cells on hMOF down-regulation ( Supplementary Fig. S2D ). Together, these studies indicate that down-regulation of hMOF and the associated loss of H4K16Ac and Micrococcal nuclease-digested DNA (10 Ag) was digested with Hin dIII (H ) and Spe I (S), separated on a 1% agarose gel, and subjected to Southern blot analysis using a probe anchored to the 3 ¶ SpeI site. Arrows, preferential micrococcal nuclease cut sites. Shown is the relative migration of 2,765-, 1,001-, and 739-bp SpeI-anchored fragments from the TMS1 locus that were included as internal markers. A representative experiment is shown.
nucleosome positioning at the TMS1 locus are sufficient to precipitate silencing of TMS1. These studies provide functional relevance to the localization of H4K16Ac at the active TMS1 locus and indicate that hMOF-mediated acetylation of H4K16 positively regulates TMS1 gene expression.
In humans, hMOF is a component of several histone modifying complexes including the hMSL, MLL1-WDR5, and hMSL1v complexes (30, 33) . However, hMOF in the hMSL complex is thought to be responsible for the majority of H4K16Ac (33).
Indeed, down-regulation of hMSL1, another component of the MSL complex, has been shown to drastically reduce global H4K16Ac levels (33) . To determine whether the MSL complex played a role at the TMS1 locus, we treated MCF7 cells with siRNA directed against hMSL1. Knockdown of hMSL1 led to a decrease in H4K16Ac levels, loss of the H4K16Ac peaks, and suppressed TMS1 expression in a manner similar to that observed after down-regulation of hMOF ( Fig. 4A and B) . Chromatin immunoprecipitation experiments showed that both hMSL1 and Figure 3 . Effect of hMOF down-regulation on the TMS1 locus. A, MCF7 cells were transfected with 100 nmol/L of siRNA targeting hMOF (MOF1 or MOF2) or lamin A/C (Lamin ; irrelevant control) and harvested 4 d posttransfection. Cells were analyzed for hMOF, TMS1, or GAPDH (loading control) protein expression by Western blot analysis (left) or for hMOF, TMS1, or 18s (internal control) RNA expression by real time PCR (right ). The levels of expression of hMOF and TMS1 mRNA are expressed relative to that obtained in cells treated with lamin siRNA, after normalization to 18s. Columns, mean of three independent experiments; bars, SD. Experiments were also done using scrambled nontargeting siRNA as a control and similar results were observed. B, MCF7 cells were transfected as in A, and chromatin immunoprecipitation was done with antibodies against rabbit IgG, H3K9/14Ac, or H4K16Ac. Immunoprecipitated DNA was amplified by real-time PCR with primer sets indicated in Fig. 1A . Data represent the percent of input DNA recovered. Each chromatin immunoprecipitation experiment was repeated at least twice with reproducible results. Columns, mean of triplicate determinations from a representative experiment; bars, SD. C, MCF7 cells infected with an empty pLKO. 1 vector (None ) or a pLKO.1 expressing hMOF shRNA (hMOF ) were analyzed for nucleosome positioning exactly as described in Fig. 2C . Arrows, preferential micrococcal nuclease cut sites (1) (2) (3) (4) (5) (6) (7) . Shown is the migration of 2,765-, 1,001-, and 739-bp Spe I fragments from the TMS1 locus that were included as internal markers. A representative experiment is shown. D, MCF7 cells were transfected with hMOF siRNA and processed at 0 to 7 d posttransfection for Western blot analysis with the indicated antibodies.
hMOF were enriched at the TMS1 locus in MCF7 cells, but not in MDA-MB231 cells (Fig. 4C) . Taken together, these data suggest that hMOF is acting as part of the MSL complex to mediate H4K16 acetylation at the TMS1 locus.
Effect of hMOF down-regulation and loss of H4K16Ac on DNA methylation. The peaks of H4K16Ac at the boundaries between the unmethylated CpG island and flanking methylated DNA in MCF7 cells and the absence of these features in MDA-MB231 cells in which the CpG island is methylated suggest that the presence of this histone mark may play an important role in maintaining the integrity of the CpG island domain. To address this question, we determined the effect of hMOF down-regulation on the methylation status of TMS1. MCF7 cells transfected with control or hMOF siRNAs were harvested 5 days posttransfection Figure 4 . Effect of hMSL1 silencing and localization of the MSL complex at the TMS1 locus. MCF7 cells transfected with 100 nmol/L of lamin A/C or hMSL1 siRNA were harvested 4 d posttransfection and analyzed for hMSL1, TMS1, and GAPDH protein expression by Western blot analysis (A) and chromatin immunoprecipitation with antibodies against rabbit IgG, H3K9/14Ac, and H4K16Ac (B), as described in Fig. 1C . Similar results were obtained when a scrambled siRNA was used as a negative control. Columns, mean of triplicate determinations from a representative experiment; bars, SD. C, chromatin from MCF7 and MDA-MB231 cells were subjected to immunoprecipitation with antibodies against rabbit IgG, hMOF, or hMSL1 as described in Fig. 1C . Each chromatin immunoprecipitation experiment was repeated at least twice with reproducible results. Columns, mean of triplicate determinations from a representative experiment; bars, SD. and the DNA subjected to methylation-specific PCR and bisulfite sequencing. Down-regulation of hMOF had no affect on the methylation status of the CpG island within a 5-day time frame (Fig. 5A) . Sequencing of bisulfite-modified DNA showed no difference in the profile of DNA methylation across the TMS1 CpG island in MCF7 cells transfected with control or hMOF siRNA (Fig. 5B) . Down-regulation of hMOF also had no effect on TMS1 CpG island methylation in IMR90 cells (data not shown). These results indicate that, at least within the short time frame analyzed, loss of H4K16Ac leads to TMS1 silencing without accompanying CpG island methylation.
To determine whether CpG island methylation would ensue over a longer time period after hMOF knockdown, we also used lentiviral shRNA infections to stably knock down hMOF in MCF7 cells. However, we found that long-term down-regulation of hMOF by this method was lethal. At day 6 postinfection, cells containing lentiviral hMOF shRNA were dead (data not shown). This observation supports previous findings indicating that MOF is required for cell viability (33) (34) (35) (36) .
H4K16Ac does not regulate all genes silenced by aberrant DNA methylation. The above data indicate that loss of the H4K16Ac peaks at the TMS1 locus, through targeted disruption of hMOF, allows for silencing of TMS1. To determine whether this mechanism is operative at other genes that undergo epigenetic silencing in human cancers, we examined the distribution of H4K16Ac at two other genes, CDH1 and ESR1, which, like TMS1, are subject to epigenetic silencing in human breast and other cancers (37, 38) . Both CDH1 and ESR1 contain promoterassociated CpG islands and are unmethylated and expressed in MCF7 cells and are methylated and silent in MDA-MB231 cells ( Fig. 6A; refs. 37, 38) . The CDH1 and ESR1 CpG islands were both enriched in H3K9/K14Ac in MCF7, but not MDA-MB231, cells, which is consistent with the tight association of H3Ac mark with actively transcribed genes (Fig. 6B) . H4K16Ac levels were very low Figure 5 . Effect of hMOF down-regulation on TMS1 DNA methylation. A, MCF7 cells were transfected with siRNA (100 nmol/L) against hMOF (MOF1 and MOF2) or an irrelevant control lamin A/C and harvested 4 d posttransfection. Genomic DNA was isolated, modified by sodium bisulfite, and amplified by methylation-specific PCR with primer sets specific for either methylated (M ) or unmethylated (U ) DNA. DNA from IMR90 and MCF7 cells served as a control for unmethylated DNA, whereas that from HMT.1E1 and MDA-MB231 cells served as a control for methylated DNA. The TMS1 region (32-223) amplified by methylation-specific PCR is shown in B. B, DNA from MCF7 cells transfected with lamin A/C or MOF2 (hMOF ) siRNA was modified with bisulfite and amplified with a primer set that spans 53 CpG sites in the TMS1 CpG island (27) . Products were subcloned and sequenced. Each row indicates the sequence of an independent clone where methylated (black circles ) and unmethylated (white circles ) CpG sites are indicated.
across the CpG islands of both CDH1 and ESR1, as compared with that observed at TMS1 (compare Figs. 2A and 6B ). More importantly, there was no difference in the levels of H4K16Ac between MCF7 and MDA-MB231 cells at either gene (Fig. 6B ).
Consistent with a lack of association of H4K16Ac with these loci, down-regulation of hMOF had no effect on the expression of either ESR1 or CDH1 (Fig. 6C) . These results indicate that hMOF and H4K16Ac may regulate a specific subset of genes. Chromatin immunoprecipitation analyses were done for MCF7 or MDA-MB231 cells with the indicated antibodies or a negative control (IgG), followed by real-time PCR of regions depicted in A . Each experiment was conducted at least thrice and, although the immunoprecipitation efficiency varied between experiments, the profile of enrichment across each locus was consistent. Columns, mean of triplicate determinations from a representative experiment; bars, SD. C, MCF7 cells were transfected with siRNA (100 nmol/L) against lamin A/C (irrelevant control) or hMOF (MOF1 and MOF2) and the expression of ESR1 and CDH1 protein was determined by Western blotting. The same blot was also exposed to anti-hMOF and anti-GAPDH antibodies.
Discussion
Alterations in DNA methylation associated with the epigenetic silencing of tumor suppressor genes in human cancers have been well documented. However, the molecular mechanisms underlying this silencing process, including the role of histone modifications and chromatin structural features, remain poorly understood. Here, we have characterized the TMS1 gene, which is silenced in cancers by DNA hypermethylation. Consistent with other studies, we find that the active state is characterized by histones hypermethylated at H3K4 and hypomethylated at H3K9, whereas the inactive state exhibits histones hypomethylated at H3K4 and hypermethylated at H3K9 (39, 40) . A recent genome-wide study comparing global histone modifications in normal tissues, cancer cell lines, and primary tumors revealed that carcinogenesis is accompanied by a global loss of H4K16Ac and H4K20me3 (11) . The study further suggested that this loss was not associated with individual gene loci but rather with alterations at repetitive DNA sequences. Our findings indicate that gene-specific alterations in H4K16Ac and H4K20me3 also accompany carcinogenesis. The active TMS1 locus is characterized by two prominent H4K16Ac peaks and positioned nucleosomes that flank the boundaries of the unmethylated CpG island. Epigenetic silencing of TMS1 is characterized by a loss of these peaks, random positioning of nucleosomes, and the appearance of a H4K20me3 peak at the transcription start site. hMOF-mediated acetylation of H4K16 and the hMSL complex play an integral role in maintaining an open chromatin state at the TMS1 locus because down-regulation of H4K16Ac leads to loss of nucleosome positioning and decreased TMS1 expression.
H4K16Ac has been shown to localize to both heterochromatic and euchromatic regions and has been linked to gene activation (30, 33, 41) . Here, we see that H4K16Ac localizes to peaks occurring precisely at the boundaries between the unmethylated CpG island and flanking methylated DNA in the active TMS1 gene. The peaks of H4K16Ac could promote gene expression in two ways. They may act to prevent or oppose the spread of DNA methylation into the regulatory regions contained within the CpG island. In S. cerevisiae, the silencing complex SIR2 binds along the telomeres and at the mating type locus to maintain these regions in a heterochromatic state (42, 43) . Acetylation of H4K16 by Sas2p, the yeast orthologue of hMOF, at the boundary of these regions prevents the spreading of the SIR complex and, thus, heterochromatin into nearby euchromatic regions. These observations indicate that SIR2 and H4K16Ac act in opposition to define the boundaries between active and inactive chromatin. Although we did not observe methylation of the CpG island on H4K16Ac down-regulation, it is possible that complete deacetylation of H4K16 and/or additional factors are required to trigger CpG island methylation.
Alternatively, the H4K16Ac peaks at the active TMS1 locus may promote the binding of a factor that activates transcription or prevent the docking of a factor that represses TMS1 transcription. Deacetylation of H4K16 in this case would prevent the binding of the activator or promote the association of the repressor, resulting in TMS1 repression. Proteins involved in transcription have been shown to preferentially bind the acetylated or nonacetylated form of H4K16Ac. Bdf1, which associates with the transcription factor IID complex to promote transcription, binds H4K16 when it is acetylated (44) . ISWI, an ATP-dependent remodeling complex that promotes transcription repression, specifically binds to the nonacetylated form of H4K16 (45) .
Our studies indicate that unlike H3Ac and H3K4me, which are more widespread marks among actively transcribing genes, H4K16Ac has a more select set of target genes. The presence of H4K16Ac at these target genes may promote expression, and loss of H4K16Ac may be a prerequisite for gene silencing. Indeed, the presence of SirT1, which antagonizes H4K16Ac and is the human homologue of yeast SIR2, at certain tumor suppressor genes is associated with gene suppression, and ablation of SirT1 leads to a local increase in H4K16Ac levels and activation of these genes (46) . Whereas its presence at TMS1 was necessary to maintain TMS1 expression, H4K16Ac was not present at and did not regulate the CDH1 and ESR1 genes, both of which are silenced by aberrant CpG island methylation in cancers. These findings are in contrast to those of Pruitt et al. (46) , who showed that inhibition of SirT1 restored CDH1 expression in cancer cells where the gene was methylated and silent, implying a role for H4K16Ac at the CDH1 locus. Genes targeted by H4K16Ac likely include those that are involved in essential cellular functions because knockdown of hMOF resulted in eventual cell death (ref. 35 ; data not shown).
We find positioned nucleosomes throughout the CpG island in cells that are unmethylated and express TMS1. On the contrary, epigenetic silencing is associated with a loss of positioning. This is consistent with previous studies showing that CpG islands in the unmethylated and active state are associated with positioned nucleosomes whereas nucleosomes are randomly positioned across the silent locus (12, 13, 47) . In the active TMS1 gene, positioning occurred at regular 200-bp intervals, with one notable exception at the transcription start site where there was an f400-bp space, suggesting that the active TMS1 chromatin structure includes a nucleosome-free region at the transcription start site. Genomewide analysis of nucleosome positioning in yeast has shown that active genes tend to have a nucleosome-free region overlapping the transcription start site that is flanked by two strongly positioned nucleosomes (48) . Several mammalian genes have also been shown to exhibit a region thought to be devoid of nucleosomes coincident with transcription factor binding sites (49) .
Interestingly, we further show that two strongly positioned nucleosomes flank the unmethylated CpG island and are coincident with the peaks of H4K16Ac (see Fig. 2C ), suggesting that the marking of these sentinel nucleosomes may play a role in maintaining the integrity of the CpG island domain and the positioning of the remaining nucleosomes in the CpG island. Indeed, knockdown of hMOF and the corresponding decrease in H4K16Ac led to a loss of positioning. Whether this is due to a direct effect of hMOF and associated factors on nucleosome positioning or is an indirect effect of the resulting transcriptional downregulation is not clear. At this point, the factors that dictate preferential nucleosome placement are not well understood, but our data suggest that specific histone modifications or the complexes that mark them may play an important role.
H4K20me3 plays an important role in maintaining pericentric heterochromatin (32) . Our data indicate that H4K20me3 localizes to a discreet peak upstream of the transcription start site of TMS1 in cases when the gene is methylated and silent, suggesting that H4K20me3 may also play a role in the repression of coding genes in euchromatic regions. The precise localization of H4K20me3 raises the question of how this mark is directed to the TMS1 locus. At pericentric heterochromatin, a model has been proposed wherein H4K20me3 is directed by pre-exiting H3K9me3 through the binding of HP1 and recruitment of the Suv4-20h enzymes (32) . However, what little H3K9me3 was observed at the TMS1 locus was distributed throughout the promoter and coding regions whereas H4K20me3 was localized to a sharp peak near the transcription start site (Figs. 1B and 2A) . The distinct distribution of H4K20me3 and H3K9me3 at the TMS1 locus suggests that additional mechanisms and/or factors may direct H4K20me3 to individual genes.
Recent studies have shown that hMOF is down-regulated in primary breast cancers and medulloblastomas (36) . In addition, loss of hMOF function in human cells leads to genomic instability, defects in cell cycle, chromosomal aberrations, and impaired DNA damage response (33, 34, 50) . Our findings suggest that an additional consequence may be the epigenetic silencing of certain tumor suppressor genes. Although down-regulation of hMOFmediated H4K16Ac led to local changes in nucleosome positioning and silencing of TMS1 gene expression, it was not sufficient to drive the subsequent demethylation of H3K4 or the acquisition of more ''heterochromatic'' features (H3K9me2, H4K20me3, and DNA methylation) associated with the locus in the stably silent state observed in cancer cells. Thus, whereas H4K16 deacetylation and transcriptional down-regulation may be requisite steps, there must be additional triggers necessary to achieve the more stable and heritable silencing associated with aberrant CpG island DNA methylation. Further studies to understand the precise mechanism by which H4K16 deacetylation mediates gene inactivation will allow the development of potential therapeutic agents that prevent silencing of tumor suppressor genes inactivated by this mechanism in tumorigenesis.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
